ABSTRACT: Soybean lipoxygenase (SLO) serves as a prototype for fundamental understanding of hydrogen tunneling in enzymes. Its reactivity depends on the active site structure around a mononuclear, nonheme iron center. The available crystal structures indicate five-coordinate iron, while magnetic circular dichroism experiments suggest significant populations of both five-coordinate (5C) and six-coordinate (6C) iron in ferrous SLO. Quantum mechanical calculations of gas phase models produce only 6C geometries. Herein mixed quantum mechanical/molecular mechanical (QM/MM) calculations are employed to identify and characterize the 5C and 6C geometries. These calculations highlight the importance of the protein environment, particularly two Gln residues in a hydrogen-bonding network with Asn694, the ligand that can dissociate. This hydrogen-bonding network is similar in both geometries, but twisting of a dihedral angle in Asn694 moves its oxygen away from the iron in the 5C geometry. These insights are important for future simulations of SLO. S oybean lipoxygenase (SLO) is a member of an important family of enzymes that catalyze the oxidation of unsaturated fatty acids.
S oybean lipoxygenase (SLO) is a member of an important family of enzymes that catalyze the oxidation of unsaturated fatty acids.
1−4 SLO also serves as a valuable prototype for understanding fundamental aspects of hydrogen tunneling in enzymes. The significance of hydrogen tunneling in native SLO is illustrated by the large hydrogen/deuterium kinetic isotope effect of ∼80 at room temperature for the enzyme-catalyzed proton-coupled electron transfer (PCET) reaction with the linoleic acid substrate, in conjunction with even larger kinetic isotope effects of up to ∼700 for mutant SLO enzymes. 5−7 These experimental results have inspired a variety of theoretical studies. 7−16 The reactivity of SLO depends strongly on the active site structure, which is comprised of an iron center surrounded by six nearby residues, including three histidines, one asparagine, one isoleucine, and a water or hydroxide group. Many experimental techniques have been used to determine the structure of the active site in the relevant states of the enzyme. 17−24 A key question that has been debated in the literature is whether the iron center in SLO is directly coordinated to five or six ligands in the ferrous state. The crystal structure of the presumed ferrous state indicates that the iron is coordinated to five ligands because the sixth closest ligand, Asn694, is 2.85 Å from the iron. 20, 23, 24 X-ray absorption fine structure (EXAFS) studies also suggest that this distance is greater than 2.5 Å for the ferrous state. 19 Moreover, magnetic circular dichroism (MCD) experiments and the analysis of the relationship between the d-d transition energies and the geometry of the Fe(II) center in ferrous SLO 9, 17, 18, 21, 22 indicate that in the solution phase, the ferrous state of apo SLO exists as an approximately 40:60 mixture of five-coordinate (5C) and sixcoordinate (6C) iron. 9, 17, 18, 21, 22 Despite the experimental evidence for the existence of the 5C geometry of the ferrous state of apo SLO, previous density functional theory (DFT) geometry optimizations with the B3LYP functional for small model compounds mimicking the active site resulted in only the 6C geometry without imposing geometrical constraints. 9 More recent quantum mechanical/molecular mechanical (QM/ MM) calculations using the ONIOM approach 25 identified both 5C and 6C geometries and concluded that a key difference between these geometries is the orientation and hydrogenbonding interactions of the water ligand. This previous work proposed that the crystal structure is a mixture of the 5C and 6C geometries based on the significantly longer distance between the Fe and the oxygen of Asn694 in the optimized 5C geometry.
Herein we use different quantum mechanical/molecular mechanical (QM/MM) methods to address this issue concerning the structure of the active site for apo SLO in the ferrous state. We also identify two different minima corresponding to the 5C and 6C geometries. Our analysis highlights the importance of including the protein environment and of including critical residues that hydrogen bond to Asn694 in the QM region. We also investigate several types of density functionals and find that the results are predominantly consistent among them. The results provide insight into the delicate structural balance within the active site of SLO and characterize two qualitatively different thermally accessible conformations that may be relevant to catalytic activity. In addition, this study points out potential pitfalls in these types of QM/MM calculations, particularly the importance of including the protein environment and searching for qualitatively distinct local minima. Moreover, our results and conclusions differ from those of the previous QM/MM study 25 in several key aspects that will be discussed below. Figure 1 depicts the gas phase models used to mimic the active site of ferrous SLO. The initial coordinates were obtained from a crystal structure of SLO (PDB ID 3PZW). 20, 23, 24 In this initial geometry, the Fe−O694 distance is 2.85 Å, suggesting that Asn694 is not coordinated to the iron. Here Fe−O694 is simplified notation to denote the distance between Fe and OD1(Asn694). We performed DFT geometry optimizations for the two different model systems depicted in Figure 1 . All calculations herein were performed for the high-spin state with S = 2, on the basis of experimental studies. 26 The smaller model, denoted Mod-S, included only Fe and the six closest residues (His499, His504, His690, Ile839, Asn694, and a bound water molecule). The larger model, denoted Mod-L, also included Gln495 and Gln697, which form a hydrogen-bonded network with Asn694. The larger model replaced the three His residues with NH 3 and the Ile residue with formate to be the same as the model used in previous studies by Solomon and coworkers. 9 We used a range of functionals, including B3LYP, 27, 28 B3LYP-D3, 29 B3P86, 28, 30 M06-L, 31 and in some cases M06-2x, 32 for these geometry optimizations. The Fe−O694 distance was 2.17−2.21 Å for the smaller model and 2.22−2.26 Å for the larger model (Table S1 ). Thus, both of these model systems resulted in the 6C geometry, illustrating that gas phase models without the protein environment are not sufficient to obtain the 5C geometry. Note that applying a large number of angle restraints determined from the crystal structure was found to lead to a longer Fe−O694 distance, 9 but this procedure depends on prior knowledge of the desired structure.
To explore the impact of the protein environment on the active site geometry in ferrous SLO, we conducted QM/MM geometry optimizations including the entire protein environment, as depicted in Figure 2 . These calculations were performed using the Qsite module in the Schrodinger package. 33 We investigated two different QM regions ( Figure  2 ). The first QM region, denoted QM-S, included only Fe and the six closest residues, and the second QM region, denoted QM-L, also included Gln495 and Gln697. The calculations were performed with and without solvent. The geometry optimizations with the QM-L quantum region resulted in two different minima corresponding to the 5C geometry, with an Fe−O694 distance greater than 2.6 Å, and the 6C geometry, with a shorter distance of 2.3−2.4 Å ( Table 1) . For the QM-S quantum region, the initial geometry optimizations resulted in the 6C geometry. However, subsequent geometry optimizations with the QM-S quantum region starting from a 5C geometry obtained with the QM-L quantum region resulted in the 5C geometry (Table S2 ). These results indicate that the inclusion of the two hydrogen-bonding Gln residues in the QM region facilitates the identification of minimum energy structures corresponding to the 5C geometry, but such minima are also present on the potential energy surface using the smaller QM region that excludes these two Gln residues. Table 1 presents the Fe−O694 distances for the two geometries identified with the QM-L quantum region using four different functionals both with and without solvent. Table  S3 presents the Fe−O694 distances for the two geometries obtained by optimizing only the QM region. Minima corresponding to both the 5C and the 6C geometries were found for all functionals studied. Inclusion of the solvent environment in these geometry optimizations did not significantly impact the active site geometry. The energy differences between the 5C and 6C minima are also given in a Distances are given in Å, and energies are given in kcal/mol. The initial coordinates were chosen to correspond to 5C or 6C geometries for the corresponding geometry optimizations. The QM region and the MM region including all residues within 20 Å of the Fe center were optimized simultaneously. b The energy difference is the energy of the 6C minimum subtracted from the energy of the 5C minimum without solvent. Note that this energy difference corresponds to these two specific minima, but there are many related minima of each type with different energies on the potential energy surface. Because this energy difference does not include the effects of conformational sampling, it cannot be used to determine the relative populations of these two states. This energy difference is only given for the system without solvent because for the solvated system, the 5C and 6C systems have a slightly different number of solvent molecules due to the solvation procedure. Other local minima have different energies and span a range.
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Letter Table 1 . Because these energy differences correspond to two specific local minima on the potential energy surface and do not include the effects of conformational sampling, these energies cannot be associated with the free energy difference used to determine the relative thermal populations of these two states. Nevertheless, the observation of both 5C and 6C geometries with reasonably similar energies, considering the large size of the system, is consistent with the experimental MCD measurements indicating a significant population of both 5C and 6C species. 22 Previous experimental work discussed the potential significance of hydrogen-bonding interactions involving Gln495, Gln697, and Asn694. In particular, the possibility of a hydrogen bond between NE2 of Gln697 and OD1 of Asn694, denoted HB3 in Figure 3A , was discussed. 6, 21, 23 However, our QM/MM geometry optimizations resulted in the formation of the HB2 hydrogen bond rather than the HB3 hydrogen bond ( Figure  3B ). To further investigate this issue, we analyzed four different crystal structures of SLO (Table S4 ). The N−O distances associated with the HB2 and HB3 hydrogen bonds are similar in all of these crystal structures, ranging from 3.00 to 3.20 Å, suggesting the possibility of forming either hydrogen bond. As illustrated by the portion of the crystal structure 3PZW shown in Figure 3A , however, the positions of the heavy atoms are not conducive to the HB3 hydrogen bond because the atoms comprising the C−N−O angle, labeled α in Figure 3A , are nearly linear. Specifically, this angle ranges from 154°−162°in the four crystal structures. As a result, the protons on the NE2 of Gln697 are not located in an appropriate position to form the HB3 hydrogen bond. In contrast, the crystal structure heavy atom positions are consistent with the formation of the HB2 hydrogen bond.
To compare the 5C and 6C structures, we superimposed the corresponding optimized structures and found that the hydrogen-bonding network comprised of HB1 and HB2 is present in both structures, as depicted in Figure 3B and quantified by the hydrogen-bonding distances given in Table  S5 . Previous work suggested that differences in this hydrogenbonding network could be responsible for the distinct 5C and 6C geometries. 9 However, these QM/MM calculations indicate that this hydrogen-bonding network is similar for both geometries (Table S5 ). The main difference between the 5C and 6C structures is the dihedral angle within the side chain of Asn694. The twisting of this angle moves the O694 away from the iron, leading to the 5C geometry.
Although these results are similar to those of a previous study 25 using the ONIOM method in that both studies identified 5C and 6C geometries, several key differences have been identified. First, a significant conclusion of the previous study is that the water ligand adopts different conformations with distinct hydrogen-bonding interactions in the 5C and 6C geometries. According to these previous calculations, the ligated water molecule is hydrogen bonded to OT1(Ile839) and OD1(Asn694) in the 5C geometry; the ligated water molecule is also hydrogen bonded to OT1(Ile839) in the 6C geometry, but one of the OH bonds is pointing toward NE2(His504) and thus cannot form a hydrogen bond with OD1(Asn694) in the 6C geometry. The difference in coordination of the iron center is attributed to this difference in the ligated water conformation. In contrast, in the present work the ligated water maintains the same orientation and hydrogen-bonding interactions in both the 5C and 6C geometries. In both cases, the water is hydrogen bonded to OT1(Ile839), and its oxygen is ∼2.70 Å from OD1(Asn694), but the angle is not sufficiently linear to be characterized as a hydrogen bond (Figure 4 ). Additional minima with alternative water conformations cannot be ruled out, however, and it is not possible to determine the conformation of the water molecule experimentally. The previous work showed that the calculated CD spectra of the 5C and 6C geometries with different water conformations are in qualitative agreement with the experimental data, 25 but other geometries may also be in qualitative agreement with the experimental CD spectra. The present work shows that different conformations of the ligated water molecule are not required to obtain the 5C and 6C coordinated iron center. Thus, the conformation of the ligated water molecule does not appear to determine the coordination of the iron center.
Another key difference between the present study and the previous study is the calculated Fe−O694 distance for the 5C geometry. The previous study 25 calculated an Fe−O694 distance of 3.46 Å for the 5C geometry, which is significantly longer than the crystal structure distance of 2.85 Å in the 3PZW structure, 20, 23 ,24 the refinement of structures 1YGE 20 and 1F8N. 20, 23 According to our calculations that include the Table S5 .
larger QM region and solvent, the Fe−O694 distance for the 5C geometry is 2.85 Å with the B3LYP functional and ranges from 2.65−2.93 Å with other functionals. On the basis of the longer Fe−O694 distances calculated with the ONIOM approach, the previous study proposed that the crystal structure is a mixture of the 5C and 6C geometries, supporting this hypothesis by pointing out that the average of the distances obtained for the 5C and 6C geometries is similar to the distance in the crystal structure. In contrast, on the basis of the agreement between our calculated Fe−O694 distance for the 5C geometry and the crystal structure distance, our calculations suggest that the crystal structure corresponds to the pure 5C geometry. Examination of the crystallographic data indicates that the crystal structure was solved at a high resolution of 1.4 Å, and the active site is extremely well-defined with no possibility of an alternative conformation for Asn694. 20, 23, 24 Thus, the previous hypothesis that the crystal structure is a mixture of 5C and 6C geometries is not consistent with the experimental crystallographic data, which definitively specifies a 5C geometry. Finally, in contrast to the previous work, the present study includes Gln495 and Gln697 in the QM region and analyzes the associated hydrogen-bonding interactions, which have been shown experimentally through mutation of these Gln residues to impact the coordination of the iron center as well as catalysis. 34 Herein computational methods were employed to identify and characterize the distinct geometries associated with fivecoordinate and six-coordinate iron in ferrous SLO. The identification of both 5C and 6C geometries is consistent with experimental MCD data suggesting significant populations of both species. In the 5C geometry, twisting of a dihedral angle within the side chain of Gln694 moves the O694 away from the iron, thereby breaking the Fe−O694 metal−ligand bond. The hydrogen-bonding network involving two Gln residues and the Asn694 ligand is similar for both the 5C and 6C geometries. Moreover, this network involves the hydrogen bond between the amide nitrogen of Gln697 and the backbone oxygen of Asn694 rather than the side chain oxygen of Asn694 as suggested previously. DFT geometry optimizations of gas phase model systems of the active site produced only the 6C geometry. Thus, these calculations highlight the importance of including the protein environment, as well as searching for local minima. The insights provided by these calculations about the geometry around the Fe center in SLO will be important for future calculations of the PCET reaction catalyzed by this enzyme. Figure 4 . Orientation of the ligated water molecule depicted by superimposition of the 5C and 6C structures of ferrous SLO determined by QM/MM geometry optimization using the QM-L quantum region and the B3LYP functional. The distance between OD1(Asn694) and the ligated water O was 2.68 Å and 2.72 Å for the 5C and 6C structures, respectively. The angle formed by OD1-(Asn694), the ligated water H, and the ligated water O was 135°and 123°for the 5C and 6C structures, respectively. The distance between OT1(Ile839) and the ligated water O was 2.52 Å for both the 5C and 6C geometries. The angle formed by OT1(Ile839), the ligated water H, and the ligated water O was 165°for both the 5C and 6C structures.
